Dinuclear iron, ruthenium and cobalt complexes containing 1,4-dimethyl-1,4,7-triazacyclononane ligands as well as carboxylato and oxo or hydroxo bridges 
Introduction
Iron complexes containing macrocyclic ligands with three nitrogen-donor atoms as well as carboxylato and oxo bridges have found much interest as model complexes relevant to biocatalysis [1, 2] . In particular, the coordination chemistry of 1,4,7-triazacyclononane and its derivatives has been pioneered by Wieghardt in the 1980s. Thus, 1,4,7-triazacyclononane (L) was found to react with iron(III) chloride hexahydrate and ammonium acetate to give the dinuclear
Fe(III)-Fe(III) complex [L 2 Fe 2 (O)(OOCCH 3 ) 2 ]
2+ [3] , which has been described as a model for the active centre of hemerythrin. Starting from 1,4,7-trimethyl-1,4,7-triazacyclononane (L-Me 3 2+ are accessible [4] , which have been studied by Lippard as functional models for methane monooxygenase [5] (see Scheme 1) . A mixed-valent Fe(III)-Fe(IV) complex [L 2 Fe 2 (O)(OOC-CH 3 ) 2 ] 3+ can be generated electrochemically or chemically with aminyl radical cations at À30°C in acetonitrile [6] .
In the case of ruthenium, using 1,4,7-trimethyl-1,4,7-triazacyclononane as a tripodal ligand, even the Ru(IV) oxidation state of the metal centre is accessible. Thus, reaction of the dimethylsulfoxide complex RuCl 2 (dmso) 4 with 1,4,7-trimethyl-1,4,7-triazacyclononane in ethanol, followed by treatment with HCl in air, yields (L-Me 3 )RuCl 3 AE H 2 O, which can be converted in the presence of carboxylate anions into dinuclear Ru(III)-Ru(III) (l-oxo)-bis(l-carboxylato) complexes [7] . In the case of sodium acetate, two Ru(III) [7] , or converted into the Ru(II)-Ru(III), Ru(III)-Ru(III) and Ru(IV)-Ru(IV) complexes [(L-Me 3 ) 2 [9] .
After the discovery of the catalytic activity of iron(III) complexes containing 1,4,7-trimethyl-1,4,7-triazacyclononane for low-temperature bleaching [10] , the catalytic oxidation potential of this type of complexes has been demonstrated for the oxidation of phosphines [11] and sulfides [12] with dioxygen and benzylic groups with hydrogen peroxide [13] . We showed that the presence of pyrazine-2-carboxylic acid strongly increases the catalytic oxidation potential of the dinuclear Fe(III)-
2+ [14] , so that even alkanes, including ethane and methane, could be oxidised with hydrogen peroxide in acetonitrile. The mononuclear ruthenium(III) complex [(L-Me 3 )Ru(OOCCF 3 ) 3 ] has been reported as an effective catalyst for the epoxidation of alkenes [15] and for the oxidation of alcohols with t-butylhydroperoxide, under mild conditions [16] .
Herein, we report a straight-forward synthesis for dinuclear Fe(III)-Fe(III) and Co(III)-Co(III) complexes containing L-Me 2 ligands as well as carboxylato and oxo or hydroxo bridges, as well as a synthetic route to the
2+ , all cations can be isolated as the hexafluorophosphate salts. The catalytic oxidation properties of these compounds are discussed.
Experimental

General remarks
All reactions were carried out by standard Schlenk techniques under nitrogen atmosphere. Organic solvents and bidistilled water were degassed and saturated with nitrogen prior to use. Infrared and UV/Vis spectra were recorded using Perkin-Elmer Spectrum One and UVICON-930 spectrophotometers, respectively. Microanalyses were performed by the Laboratory of Pharmaceutical Chemistry, University of Geneva (Switzerland) and the Laboratory of Organic Chemistry, ETH Zurich (Switzerland). The starting compound, 1,4-dimethyl-1,4,7-triazacyclononane (L-Me 2 ), was prepared according to the published method [17] and redistilled prior to use. The ruthenium(II) complex RuCl 2 (dmso) 4 was synthesised by a procedure reported by Spencer and Wilkinson [18] . Iron(II) sulfate heptahydrate, iron(II) chloride, cobalt(II) chloride hexahydrate, sodium formate monohydrate, sodium acetate trihydrate, sodium 4 (436 mg, 0.90 mmol) was suspended in 10 mL of absolute ethanol. The mixture was stirred at 60°C for 30 min, until a clear brown-red solution was obtained, and then refluxed for 2 h. The solvent was removed by rotary evaporation, and the solid was refluxed in 37% HCl (10 mL) for 30 min in the presence of air. The brown-orange solution was evaporated and the solid was suspended in 5 mL of water. The orange microcrystalline product was filtered, washed with water, ethanol, ether and dried in vacuo.
( [19] . Refinement and all further calculations were carried out using SHELXL-97 [20] . In all compounds, the hydrogen atoms have been included in calculated positions and treated as riding atoms using the SHELXL default parameters. All non-H atoms were refined anisotropically, using weighted full-matrix least-square on 
Catalytic runs
The oxidation of isopropanol was carried out in air in thermostated cylindrical pyrex vessels with vigorous stir- ring at 20.0°C. The total volume of the reaction solution was 10 mL. In a typical experiment, 512 lL of hydrogen peroxide (30% aqueous solution, 0.50 M) was added to a mixture containing the catalyst (1.0 · 10 À4 M), ascorbic acid (0.01 M) and isopropanol (153 lL, 0.20 M) in water or acetonitrile. Blank experiments were carried out without catalyst.
Samples of the reaction solution were analysed by GC (chromatograph DANI-86.10; fused silica capillary column 25 m · 0.32 mm · 0.25 lm, CP-WAX52CB, integrator SP-4400, helium as carrier gas), using acetonitrile as an internal standard. The flame ionisation detector response factors were obtained after calibration experiments, using a standard substrate mixture. (730 cm À1 ) [3] , whereas for 1 it is shifted to 750 cm
Results and discussion
À1
. In the UV/Vis spectra, the acetonitrile solutions of 1-3 show three intense absorption maxima (1: 240, 339 and 474 nm; 2: 230, 341 and 473 nm; 3: 237, 338 and 476 nm). (3) 124.8(7). i x, Ày, 1 À z. ) [7] . The UV/Vis spectrum for 5 shows very intense absorption maxima at 233, 279 and 538 nm, which compare well to those in
2+ [7] . [9] .
The molecular structures of 2, 5 and 6, solved by singlecrystal X-ray structure analyses of the hexafluorophosphate salts, are very similar. The two metal centres are linked by two acetato bridges and by an oxo (2, 5) or a hydroxo bridge (6) , and all metal centres are facially coordinated to a L-Me 2 ligand through the three nitrogen atoms. The single-crystal X-ray structure analyses reveal for the orange crystals of [2] [PF 6 ] 2 ( Fig. 1) a Fe-Fe distance of 3.104(1) Å , for the purple crystals of [5] [PF 6 ] 2 ( Fig. 2) a Ru-Ru distance of 3.230(1) Å , and for the violet crystals of [6] [PF 6 ] 3 ( Fig. 3) 6 ] 2 , the distances between the nitrogen atoms and the fluorine atoms of the hexafluorophosphate anion vary from 2.998(7) to 3.285(7) Å with N-HÁ Á ÁF angles of 165.3°and 132.3°, respectively, whereas in [5] [PF 6 ] 2 the N-F distance is 3.234(13) with a N-HÁ Á ÁF angle of 159.8°.
In [6] [PF 6 ] 2 AE (CH 3 ) 2 CO, strong hydrogen bonds are formed with an acetone molecule, see Fig. 4 . The intermolecular hydrogen bonded system involves the two N-H moieties, as well as the hydroxo bridging ligand. The NÁ Á ÁO distances are 2.895(7) and 3.087(8) Å with N-HÁ Á ÁO angles of 153.9°and 153.0°, respectively, whereas the OÁ Á ÁO distance is 3.080(6) Å with an O-HÁ Á ÁO angle of 134.2°.
We tested the catalytic potential of the complexes 1-6 for the oxidation of isopropanol with hydrogen peroxide to give acetone, see Scheme 5. The oxidation reaction was carried out in an aqueous solution or acetonitrile in the presence of ascorbic acid at 20°C. Ascorbic acid was used as a co-catalyst; it may act as a proton donor and as a reducing agent. Reducing agents are obligatory components for oxygenation in most of the biologically active systems [31] . The results are shown in (2) , the intensity of the absorption at 475 nm is reduced by a factor of 10 upon addition of ascorbic acid (Fig. 6) , while a new band centred around 590 nm appears with an isosbestic point at 530 nm. By contrast, complexes 4-6 are quite stable in the presence of ascorbic acid and thus less active in the oxidation of isopropanol ( Table 2 ). All complexes 1-6 in combination with ascorbic acid as co-catalyst are much more active in water than in acetonitrile ( 2+ in combination with oxalic or ascorbic acid as co-catalyst [24] . 
